The objective of this paper is to propose and illustrate a new and simple approach for the selection of frequency weightings for the assessment of environmental and transportation noise. In recent years, the A-frequency weighting has become almost universal except where existing standards and regulations mandate the use of alternative weightings and/or frequency summation procedures, but even where this has been based on extensive research, no real consensus has been achieved. The new approach is based on the concept of subjective dominance, which does not always conform to the physically dominant frequencies identified by the A-or other frequency weightings and summation procedures used in measurements and/or predictions. The new approach is illustrated by the results of a limited series of five listening tests which clearly demonstrate that no single objective frequency weighting or summation procedure is capable of providing the best-fit to subjective responses across a range of different contexts. Subjective dominance varies across different listening contexts and situations, and should therefore be considered whenever noise management and control decisions are being made. The new approach will naturally require further research because of the wide range of different contexts and situations in which it might need to be applied. 
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I. INTRODUCTION
The optimization of acoustic metrics for predicting transportation noise impacts is an enduring research theme (Fidell et al., 2011) where many laboratory studies on transportation noise annoyance have highlighted the non-negligible effects of spectral features (Hellman, 1982; Kjellbert et al., 1997; Leventhall, 2003; Leventhall, 2004; Nilsson, 2007) .
As a standardised method for taking different spectral features into account, the A-frequency weighting has received considerable attention in the literature (Meloni and Rosenheck, 1995) , and has been adopted in many standards and regulations (Schomer et al., 2001) , but it has not been universally accepted. The classical justification for the A-frequency weighting is that it approximates to an inverse of the standard 40 phon equal-loudness contour (ISO, 2003a) . It has therefore been criticised because it does not change with sound level (Schomer et al., 2001) , whereas the standardised equal-loudness contours (and the B-and C-frequency weightings) flatten out at higher sound-levels. There is experimental data that suggests that the A-frequency weighting overcompensates for the hearing system's reduced sensitivity at low frequencies (Schomer, 2004; Nilsson, 2007) . Laboratory studies have shown that the A-frequency weighting can, under some circumstances, underestimate annoyance responses to noise with dominant low frequency components (Broner and Leventhall, 1980; Kjellberg and Goldstein, 1985; Persson and Björkman, 1988; Berglund et al., 1996; Kjellberg et al., 1997; Yifan et al., 2008) . Kjellberg and Goldstein (1985) found that C-and D-frequency weightings can both have higher correlations with noise annoyance when there are significant low frequency components present. On the other hand, Alayrac et al. (2010) (and many others) have shown the A-frequency weighted sound level to be perfectly adequate for assessing reported annoyance attributable to their particular sets of low frequency sounds. Considered overall, the various conflicting reports suggest that the administratively convenient and widespread adoption of the A-frequency weighting in many national and international standards is not as scientifically justifiable as many users would like.
Several studies reported in the literature found that the loudness and annoyance of sounds with similar A-frequency weighted sound-levels increased with increasing (relatively) low frequency content (Watts, 1995; Leventhall, 2004; Nilsson, 2007) . However, other studies found that any high frequency components present can have a greater effect on annoyance (Versfeld and Vos, 1997; Kim et al., 2009) . Versfeld et al. (1994) found that the relative difference in level between the high frequency and low frequency parts of the spectrum can have a significant effect on annoyance in addition to the effect of overall sound level measured in absolute terms.
To overcome the deficiencies of fixed frequency weighting filters that do not change with sound level, Zwicker proposed a level dependent loudness-level calculation method (Fastl and Zwicker, 1990 ). Zwicker´s method applies a level dependent weighting to the measured level in each 1/3 octave band with adjustments for spectral masking and other features of the sound (Wang et al., 2007; Lee, 2008) . The frequency selectivity of Zwicker's method conforms to critical band theory which was and still is an important concept in understanding personal hearing sensation (Kook et al., 2012) . Steven's loudness-level (Stevens, 1956 ) and Kryter's Effective Perceived Noise Level (Kryter, 1968) used for aircraft noise certification follow similar principles, although the level dependent weightings and other adjustments are marginally different. All three loudnesslevel based methods give marginally different results, as do a number of other but broadly similar methods proposed by different authors (Blommer et al., 1996; Moore and Glasberg, 1996; Moore et al, 1997) , which suggests that whereas one method may work 'best' under one set of circumstances, different methods often work 'better' under different circumstances.
It should also be noted that while objective measurements of transportation noise sound level using any of the different standardised procedures can be important for regulatory and contractual purposes they are not the same thing as subjective loudness which can only be determined by listening tests. For this reason, calculated or measured 'loudness-level' is not the only variable of interest for deciding between alternative options for transport infrastructure development and mitigation.
In Torija and Flindell (2014a) , the effect on reported loudness and reported annoyance of altering the frequency spectrum of recorded (outdoors) urban main road-traffic sounds was analysed. In this paper, Torija and Flindell (2014a) found that the physically dominant part of the frequency spectrum is not necessarily a good guide to which part of the spectrum will be perceived as subjectively dominant. Torija and Flindell (2015) next investigated the relationship between reported loudness and reported annoyance under conditions where the low frequency content is relatively more (physically) dominant, such as in indoor conditions. In this paper, Torija and Flindell (2015) found that changes in low frequency content appeared to make smaller contributions to subjective loudness and annoyance than might be inferred from the implied objective or physical dominance of those changes. Consequently, under the indoor conditions tested, the A-frequency weighting outperformed the C-frequency weighting in the sense that higher correlations with reported annoyance were obtained. In this paper, we present further results from the above mentioned listening tests, hereinafter called study 1 (Torija and Flindell, 2014a) and study 2 (Torija and Flindell, 2015) , together with the results from three further listening tests to illustrate the new approach based on subjective rather than physical dominance, i.e. selecting the frequency weighting for assessing noise annoyance in any specific context on the basis of which part of the frequency spectrum is subjectively dominant. This proposed approach might help to explain why different frequency weighting curves and loudness-level calculation procedures appear to work 'best' in different situations. It could also inform the selection of frequency weightings for regulatory and contractual purposes wherever it is desired to take into account differences in context and subjective expectations which are often ignored by existing procedures.
The different contexts illustrated in this paper were; road-traffic-noise as heard outdoors in an open public space (study 1-Torija and Flindell, 2014a), road-traffic-noise as heard indoors (study 2 - Torija and Flindell, 2015) , and road-traffic-noise as heard behind a noise barrier (study 3) with additional increases and decreases in low frequency (LF), mid-frequency (MF), and high frequency (HF) content to test the range of acoustic metrics applied. These contexts were selected on the basis of their relevance for policy and decision-making purposes in road-traffic-noise impact assessment. Two further listening tests were then carried out (studies 4 and 5) using basically similar road-traffic sounds but different comparison procedures to investigate further context dependencies. It should be noted that the separate listening tests (studies 1 to 5) are reported sequentially in this paper because the detailed design and experimental procedure for each study progressed from each study to the next. Clearly, there are many other contexts and situations where the new approach might need to be tested to investigate wider applicability.
II. METHODOLOGY
A. Assumptions about the experimental design the performance of standard frequency weightings is assessed for accounting for the variations in LF, MF and HF content, in the three contexts considered. In listening experiments 1 and 2, the variations in frequency content were simulated using low and high pass shelf filters, and a band pass/band stop filter in experiment 1, to cut or boost each frequency range to better represent variation which occurs in practice. To each filtered sound a relative gain setting from -9dB to +9dB was applied. These cut and boost settings were adopted to include and probably exceed typical variation in relative frequency content of urban road-traffic-noise. In listening experiment 3, frequency filters were applied to simulate the insertion loss (IL) of a set of 5 different noise barriers as based on data available in the literature (Hong et al., 2012) .
It should be noted that a prior motivation for listening test 1 (outdoor context) was a comparison against a field listening test carried out in Lyon, France (Torija and Flindell, 2014b) and this determined the use of a five point semantic scale of reported annoyance. After studying the feedback provided by the participants of listening test 1, it was decided to adopt the relative magnitude estimation (RME) method for subsequent listening tests. The RME method offers a series of benefits for the participants (see ISO, 1999) , and encourages participants to respond on a ratio scale of measurement which then facilitates mathematical operations and parametric statistical analysis (Turpin et al., 2015) . Notwithstanding any differences in statistical power, it is not expected that the subjective scales used would have had any significant effect on the relativity of the results observed in each listening test considered separately.
In Torija and Flindell (2015) , it was found little inter-participant variability. In all listening tests reported herein, all the participants took part in the experiments under exactly the same conditions, i.e. the same sound-proofed audiometric test room, the same experimental set-up, the same pre-experiment information, and the same stimuli. Therefore, any observed inter-participant variability may be assumed to be independent of the experimental conditions. On the other hand, environmental noise impact assessments are conducted for communities and not for individuals.
For these reasons, all regression analyses between reported annoyance and frequency-weighted sound-levels were performed on the aggregated (mean) scores and not on the individual responses.
Finally, in all the listening experiments, the stimuli were randomly presented in order to avoid any order-effect on the participants' responses.
B. Experimental set-up
All the listening laboratory studies described in this paper were conducted in a soundproofed audiometric test room at the University of Southampton. Participants were recruited by advertising within the department and around the University. On arrival at the laboratory for prebooked appointments the aims and procedures were carefully explained and voluntary consent confirmed by signing a standard consent form. Subjective impressions were recorded on standardised questionnaire forms. All audio signals (.wav files) were reproduced via a high quality sound card, and then sent to two high resolution active monitor loudspeakers via a small audio mixing console. The two loudspeakers were positioned in front of and to either side of the seated listener(s) to obtain an even sound level distribution and then calibrated/adjusted to obtain the sound-levels noted in the following sections of this paper using a Bruel & Kjaer calibrator type 4230 and a Norsonic Environmental Noise Analyser type 121, with a Norsonic free-field microphone type 1225 positioned at the listener's head position with the listener not present. Table   I provides a summary of the 5 listening tests reported in this paper.
C. Listening test 1: urban road-traffic-noise urder outdoors conditions
Part of this study was previously reported in Torija and Flindell (2014a) . All test sounds were based on a 15 second master recording of typical roadside continuous low speed busy urban road-traffic-noise (LAeq,15 sec = 70.3). The recording comprised continuous heavy road-traffic background noise with four separately discernible individual road vehicle pass-bys within the overall 15 seconds duration but with variation in instantaneous sound level (S-time weighting) within plus and minus 2-3 dB. The 15 second averaged frequency spectrum of the master recording is shown at Fig. 1 . Three frequency filters, i.e. low shelf filter, band pass/band stop filter and high shelf filter, were applied respectively for boosting or cutting the LF, MF and HF ranges.
Twelve filtered sounds were produced by applying each filter with -9dB, -3 dB, +3dB and +9 dB relative gain setting. Thirty volunteer listeners (18-65 yr of age, 14 males and 16 females) were asked to judge each sound as if it was being heard in an outdoor public space nearby to a main road using a questionnaire based on the standardized ISO/TS 15666 specification (ISO, 2003b) for noise annoyance questionnaires (five point semantic scale: "Not at all", "Slightly", "Moderately", "Very", and "Extremely").
D. Listening test 2: urban road-traffic-noise under indoor conditions
Torija and Flindell (2015) used a 12.5 seconds master recording of typical roadside continuous low speed busy urban road-traffic-noise. The recording comprised continuous heavy road-traffic background noise with subjectively identifiable but not particularly prominent individual road vehicle pass-by events. The average sound level at the recording position was 68.9
LAeq,12.5 sec with variation in instantaneous sound level (S-time weighting) within plus or minus 2-3 dB. The master recording was filtered to simulate typical frequency dependent attenuation of double glazing sealed units made up from 3mm glass, 3 mm air gap, and 3 mm glass, according to the values reported by Quirt (1983) . Also, artificial reverberation at 0.5 second reverberation time was added to increase the subjective realism of the intended indoor simulation. This laboratory study was divided into two sub-tests with reference indoor filtered sounds reproduced at 49.5
LAeq,12.5 sec and 39.5 LAeq,12.5 sec as shown in Fig. 2 . Two frequency filters, i.e. low and high frequency shelf filters were respectively applied for boosting or cutting the LF, and MHF ranges.
These filters were applied separately at -9 dB, -3 dB, +3 dB, and +9 dB to the two simulated indoor filtered sounds, thereby producing 8 x 2 = 16 different test sounds. Thirty three volunteer listeners (18-65 yr of age, 18 males and 15 females) were told that they should judge the sounds as if they were indoors and the road-traffic sound was coming indoors from a nearby road. Then, the listeners assessed the relative annoyance of each test sound by using the RME method (Huang and Griffin, 2014) , against an arbitrary rating of 100 for each reference sound. The IL of 5 different noise barriers made of different materials was simulated by applying frequency filters derived from field measurements of actual noise barriers, (see Hong et al., 2012) , leading to 10 different test sounds, which were all repeated with an additional 6 dB broadband attenuation making 20 test sounds in all (shown in Fig. 3 ).
Thirty volunteer listeners (18-65 yr of age, 19 males and 11 females) judged the relative annoyance of each test sound against the two reference sounds (RT1 and RT2) using the same RME method as in listening test 2 described above.
F. Listening test 4: LF, MF and HF road-traffic-noise vs. pink noise
Listening test 4 used an 8 second roadside master recording of a single vehicle pass by (urban bus) (67.6 LAeq,8 sec -S-time weighting), with subjectively well balanced contributions from mainly engine noise in the low frequency region (LF), from mainly rolling noise in the mid-frequency region (MF), and from mainly gas exhaust noise in the high frequency region (HF). Test sounds were produced by applying LF, MF, and HF frequency filters to the master recording (Fig. 4.A) , as listed below.
(i) Low-frequency filtered road vehicle (LF_RT_exp1): using a high shelf filter for cutting frequencies above a cut-off frequency (fc) of 250 Hz.
(ii) Mid-frequency filtered road vehicle (MF_RT_exp1): using both low and high shelf filters for cutting frequencies below fc = 315 Hz and above fc = 2000 Hz respectively.
(iii) High-frequency filtered road vehicle (HF_RT_exp1): using a low shelf filter for cutting frequencies below fc = 2500 Hz.
Thirty-three volunteer listeners (18-65 yr of age, 18 males and 15 females) compared the relative annoyance of each filtered road vehicle sound against a 70 dB(Z) pink noise reference sound using a simple pair-comparison paradigm (less, equal, or more annoying) with the filtered road vehicle sound-level titrated up and down in 5 dB steps to find at which sound level the road vehicle sound was judged subjectively equivalent. The starting off points for each test sound were set at the equivalent dB(Z) sound-levels of the wide-band pink noise reference sound as if the pink noise had been filtered through the same filters as were used to prepare the LF, MF, and HF test sounds as described above (see Table II and Fig. 4 .B). This was done to ensure that the startingoff point for each test sound was approximately equivalent in terms of physical sound energy, even though, due to the up-down experimental procedure, it should not (in theory) have made any difference to the final results. Table II also shows that, in terms of physical sound energy alone (of wide-band pink noise -which is generally assumed to be the closest to a generic 'flat' frequency spectrum in terms of auditory sensation), the three filter bands were approximately equivalent.
G. Listening test 5: LF, MF and HF road-traffic-noise vs. LF, MF and HF filtered pink noise
Listening test 5 used a 10 seconds master recording of typical roadside continuous low speed busy urban road-traffic-noise with subjectively audible but not prominent individual road vehicle pass-by events. The average sound-level at the recording position was 67.2 LAeq,10 sec with variation in instantaneous sound-level (S-time weighting) within plus or minus 2-3 dB. Test sounds were produced by applying frequency filters to the master recording (Fig. 5 .A) and to wide band pink noise, following the same generic procedures as for listening test 4 described above, with the exception that the master recording was continuous road-traffic in test 5 and a single vehicle pass-by in test 4. In test 5, the listeners judged the relative annoyance of each filtered road vehicle sound against every other filtered pink noise reference sound. The filtered pink noise reference sounds (Fig. 5 .C) were all pre-set at 70 dB(Z) to ensure consistency in terms of physical sound-levels with the 70 dB(Z) wide band pink noise reference sound used in test 4, and for test 5, the same 70 dB(Z) starting off point was used for all the filtered test sounds (see Table II and 
III. RESULTS

A. Listening test 1 -urban road-traffic-noise as heard outdoors (Torija and Flindell, 2014a)
Fig . 6 shows the linear relationship between the different frequency weightings and the reported annoyance for the urban road-traffic filtered stimuli. Square, asterisk and triangle symbols correspond to LF, MF and HF filter gain respectively. The highest correlations with reported annoyance were found for D-weighted sound-levels ( Fig. 6.D) and Zwicker´s loudnesslevel ( Fig. 6 .E) (see also Table III ). More detailed examination of the data shown in Fig. 6 suggested that the Z-frequency weighting (effectively unweighted within the audio frequency range) and C-frequency weighting (almost unweighted within the audio frequency range) overestimated the contribution made by LF content to reported annoyance, while the A-frequency weighting underestimated the contributions made by both LF and HF content to reported annoyance.
B. Listening test 2 -urban road-traffic-noise as heard indoors (Torija and Flindell, 2015)
In this listening test, Torija and Flindell (2015) found that even under conditions where LF content was physically dominant (indoor conditions), changes in LF content made smaller contributions to reported annoyance than might be inferred from such physical dominance. Fig. 7 and Fig. 8 show the regression analyses between reported annoyance and the different frequency weightings for the 49.5 LAeq indoor filtered and 39.5 LAeq indoor filtered stimuli respectively.
Square and asterisk symbols correspond to LF and MHF filter gain respectively. For indoor sounds, the highest correlations with reported annoyance were found for A-frequency weighted soundlevels and Zwicker´s loudness-level, with the C-, D-and Z-frequency weightings performing worst (see Table IV ). More detailed examination of the data in Fig. 7 and Fig. 8 suggested that in this case, the extent to which the A-frequency weighting and Zwicker´s loudness-level downweighted the relative importance of the physically dominant LF content to reported annoyance was about right, whereas the Z-, C-and D-frequency weightings over-estimated the relative contribution of the physically dominant LF content to reported annoyance.
C. Listening test 3 -effect of roadside noise barriers
As can be seen in Table V and Fig. 9 , notwithstanding the relatively high LF content in filtered road-traffic-noise simulating the effects of different roadside noise barriers (see Fig. 3 ), the A-and D-frequency weightings and Zwicker´s loudness-levels show higher correlations with reported annoyance than the C-and Z-frequency weightings. In more detail, for master recording RT1, with relatively more LF content than master recording RT2, higher correlations are observed between reported annoyance and D-frequency weighted sound-levels and Zwicker´s loudnesslevel than between reported annoyance and A-frequency weighted sound-levels. These results appear to be generally consistent with the results obtained in listening tests 1 and 2, i.e. that for continuous urban road-traffic-noise, the LF region is not subjectively as important for reported annoyance as the MF and HF regions unless it has been significantly relatively enhanced through being heard indoors or on the shielded side of a roadside noise barrier, when it can become subjectively more important. Moreover, the difference in the relative contribution to subjective annoyance made by the LF and MHF regions seems to be important for the selection of frequency weightings. Thus, under the range of test conditions investigated, the sound-levels weighted with the frequency filters that better accounted for the subjective contribution of each frequency region achieved the best correlation to reported annoyance. The mean differences in dB units for each frequency filter from the starting point of physical equivalence against broadband and equivalently filtered pink noise reported by the participants are shown in Table VI (listening test 4) and Table VII (listening test 5 ). For instance, the average difference in sound level found between LF and MF road-traffic test sounds to be reported as equally annoying is 10.9 dB in listening test 4 and 11.3 dB in listening test 5 when measured unweighted (Z-frequency weighting), but only -1.0 dB and -0.1 dB respectively when measured using the A-frequency weighting. This finding suggests that for these particular sounds, the Afrequency weighting gives a better description of the observed differences in reported annoyance between LF and MF content. The data shown in Tables VI and VII On the other hand, Tables VI and VII also show subjective differences between the different frequency weightings for listening tests 4 and 5. In listening test 4 the broadband pink noise reference sound level was set at 70 dB(Z), but the starting points for each of LF, MF, and HF filtered road-traffic test sounds were set at the corresponding sound-levels to which the same filters applied to the broadband pink noise would have produced (as shown in Table II ). In listening test 5, the overall sound-level of each filtered pink noise reference sounds was pre-set at 70 dB(Z), and the same 70 dB(Z) starting off point was used for all the filtered test sounds. For instance, a difference in physical magnitude between LF and HF content is observed in Table II for listening test 4, while no difference is observed for listening test 5. These results demonstrate that subjective differences do not always correspond to physical differences measured objectively using standard acoustic metrics. Between the single vehicle pass-by test sound (test 4) and the continuous roadtraffic test sound (test 5), there were no substantive differences in the pattern of results, i.e. the Afrequency weighting appeared to provide the best description of subjective equivalence between LF and MF, and the D-frequency weighting appeared to provide the best description of subjective equivalence between MF and HF and LF and HF.
IV. DISCUSSION
The four listening tests dealing with urban road-traffic-noise heard outdoors (1, 3, 4 and 5) pointed towards the HF and to a lesser extent the MF frequency ranges as being, for these types of sound, subjectively dominant. This finding is consistent with previous research suggesting that the HF frequency range generally makes the greatest contribution to reported annoyance attributed to road-traffic-noise (Versfeld et al., 1994; Versfeld and Vos, 1997; Kim et al., 2009) . Zwicker´s loudness-level, and both the A-and D-frequency weightings achieved the highest correlations with reported annoyance under outdoors conditions. However, and notwithstanding the subjective dominance of the MF and HF frequency ranges under the general case, it appears that the LF region should also be taken into account whenever present in sufficient amounts (Watts, 1995; Leventhall, 2004; Nilsson, 2007) . Thus, whenever there is a strong LF presence (see listening test 3) Zwicker´s loudness-level and the D-frequency weighting achieved better performance in assessing reported annoyance than the A-frequency weighting. Moreover, in listening tests 4 and 5 it was found that subjective differences between the different frequency ranges could be considerably affected by physical frequency spectrum differences between the different sounds tested.
In general and under typical indoor listening conditions, the MF and HF regions are significantly attenuated by the building envelope, and the LF region becomes relatively more dominant. However, this physical dominance does not appear to lead to subjective dominance, at least not without considerable MF and HF attenuation. The data from listening test 2 suggest that under indoor conditions where the LF frequency region approaches subjective equivalence to the more usually dominant MF and HF frequency regions, the A-frequency weighting becomes more appropriate, and the C-, D-, and Z-frequency weightings become less so. Zwicker loudness-level appears to work better at the higher than at the lower overall sound level tested.
In light of these results, it seems quite unlikely that a unique frequency weighting filter could be defined for assessing the reported annoyance associated with different transportation noise sources under the wide range of different contexts and situations that can occur in practice. Instead, it would seem more appropriate to select frequency weightings according to whichever frequency region is subjectively dominant in any particular case, and thereby encouraging noise control action (if any such is justified) aimed at the frequency region of greatest subjective importance.
Consideration should also be given to taking the changing contribution to subjective annoyance made by each frequency region under different loudness regimes into account. Of course, any study of this kind has limitations when extrapolating to real-life conditions, not the least being the unavoidably restricted range of road-traffic conditions covered by the master audio recordings, and the difficulty of obtaining more than a relatively small number of loudness and annoyance comparisons from each volunteer listener without exhausting either their patience or goodwill.
Further work including a much wider range of road-traffic conditions would be required in order to justify any changes to existing standards and regulations, and the direct relevance to real life of listening tests carried out under laboratory conditions would also need to be established.
V. CONCLUSIONS
This paper presents the results of a series of 5 listening tests aimed at investigating the main reasons why different frequency weighting and loudness-level calculation schemes appear to perform differently under different sets of input conditions. The results presented in this paper point towards the suggestion that the optimum frequency weighting for use in any particular context may depend to some considerable extent on whichever frequency region is subjectively dominant, possibly taking into account both relative loudness and the relative contribution towards reported annoyance.
Of course, before any recommendations can be made with respect to existing standards and regulations, further research work covering a much wider range of different contexts and conditions would be required. 
